INTRODUCTION {#SEC1}
============

Influenza A viruses cause an annual contagious respiratory human disease, and are responsible for periodic pandemics that result in high mortality ([@B1]). The influenza A virus genome is comprised of eight segments of negative sense viral RNA ([@B2]). The smallest segment encodes the NS1 protein, a small nonstructural protein that plays many crucial roles in virus infection, including inhibiting host antiviral responses, regulating other cellular and viral functions, and impacting virulence and virus-induced pathogenesis ([@B3],[@B4]). The multiplicity of crucial NS1 functions highlights the importance of establishing the molecular mechanisms by which the NS1 protein carries out these functions.

One important function of the NS1 protein is the inhibition of host mRNA synthesis by binding a cellular 3′ end processing factor, the 30 kDa subunit of the cleavage and polyadenylation specificity factor (CPSF30) ([@B5]). Previously we purified CPSF30--NS1 complexes by sequential affinity selection of CPS30 and NS1 and identified the associated host proteins by mass spectrometry ([@B6]). Our results indicated that there are multiple NS1--CPSF30 complexes that differ with respect to the cellular protein(s) that are bound to the NS1 protein. One cellular protein associated with these complexes is the DDX21 RNA helicase, a host restriction factor that binds the PB1 viral polymerase subunit, thereby suppressing viral RNA synthesis and hence viral protein synthesis at early times after infection ([@B6]). DDX21-mediated antiviral activity is countered by the NS1 protein, which binds DDX21 and displaces PB1 from DDX21. These results prompted us to examine the potential antiviral activities of other cellular proteins in NS1--CPSF30 complexes. Here we focus on the cellular DHX30 helicase that is associated with NS1--CPSF30 complexes ([@B6]).

Many functions of the NS1 protein, specifically including its inhibition of host antiviral responses, result from the binding of specific cellular or viral proteins at various positions on the NS1 protein ([@B3],[@B4]). Notably, the binding of several different proteins to the viral NS1 protein also require the same two amino-acid residues (Arg at position 38 and Lys at position 41) in the NS1 N-terminal RNA-binding domain (RBD) (residues 1-73) that are also required for binding double-stranded RNA (dsRNA) ([@B6]). The molecular basis for the requirement of these two NS1 amino-acid residues for interactions of the NS1 protein with other proteins has not been elucidated. Here, we uncover the underlying molecular mechanism for this requirement for the interaction between the NS1 protein and the cellular DHX30 RNA helicase. We show that the N-terminal 152 amino-acid residue segment of DHX30 (denoted as DHX30N) possesses all the antiviral activity of DHX30 and contains a dsRNA-binding domain. We also show that the dsRNA-binding activities of both DHX30 and the NS1 protein are required for the interaction of these two proteins, and that both dsRNA-binding activities are required because a dsRNA platform that binds both NS1 and DHX30 mediates the interaction between these two proteins. We propose that a similar dsRNA platform functions in the interactions of the NS1 protein with other proteins whose binding requires the dsRNA-binding amino acid-residues Arg38 and Lys 41 of the NS1 protein.

MATERIALS AND METHODS {#SEC2}
=====================

Viruses and cells {#SEC2-1}
-----------------

HeLa, 293T and MDCK cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum. Wild-type (WT) Ud virus, and WSN virus were generated by plasmid-based reverse genetics as previously described ([@B13]). All eight genomic RNA segments of recombinant viruses were sequenced. Virus stocks were grown in 10-day-old fertilized eggs, and virus titers were determined by plaque assays using MDCK cells.

siRNAs {#SEC2-2}
------

The siRNAs against DHX30 was purchased from Thermo Scientific and resuspended in diethyl pyrocarbonate-treated water to a final storage concentration of 20 μM. The sequences of the two DHX30 siRNAs: (DHX30-1) GGAAGAGCUA-GAAGAAGGGACCAUA; (DHX30-2) CAAGGUGAUUCAGAUUGCAACGUCA. The control siRNAs were two different Stealth RNAi™ siRNA Negative Control siRNAs from Thermo Scientific.

Plasmids and antibodies {#SEC2-3}
-----------------------

The pcDNA3-HA-Flag-DHX30 and pcDNA3-HA-Flag plasmids were kindly provided by Guangxia Gao ([@B14]). The pcDNA3-HA-Flag-DHX30 plasmid encodes isoform 3 of DHX30. To generate a pcDNA3 plasmid expressing GST, the GST sequence in the pcNGST plasmid was amplified using appropriate primers, followed by XhoI and XbaI treatment. The DHX30 sequence in the pcDNA3-HA-Flag plasmid was amplified with appropriate primers, followed by BglII and XhoI treatment. These two DNA sequences were then ligated into BamHi and XbaI-treated pcDNA3 plasmid. To generate a pcDNA3 plasmid expressing the 150 amino acid-long N-terminal region of DHX30 (DHX30N), appropriate primers were used to amplify this region of DHX30 in the pcDNA3-HA-Flag-DHX30 plasmid. This DNA fragment was treated with SalI and BamHI, and then inserted into Sali and BglII-treated pcDNA3-HA-Flag plasmid. To generate the C region of DHX30 shown in Figure [3](#F3){ref-type="fig"}, this region was amplified using appropriate primers, followed by XhoI and BglII treatment and insertion into Sali and BglII-treated pcDNA3-HA-Flag plasmid. The pGEX-6P1 plasmids for bacterial expression of NS1 proteins were prepared as described previously ([@B15]). To generate pSRF plasmids for bacteria expression of His-tagged DHX30N, the N region of DHX30 in the pcDNA3-HA-Flag plasmid was amplified using appropriate primers, followed by BamHI and NotI treatment and insertion into the pSRF plasmid treated with these two restriction enzymes. Mutations were introduced using standard oligonucleotide mutagenesis methods. The antibodies (Abs) against NS1, PB1, PB2, PA and Flag were the same as described previously ([@B6]). Goat Ab against the major structural proteins of the Ud virus (HA (hemagglutinin), NP (nucleoprotein) and M1 (matrix protein) was kindly provided by Robert A. Lamb (designated Ud Ab) ([@B16]). DHX30 Ab was obtained from Abcam (ab85687).

Immunoblots {#SEC2-4}
-----------

Cell extracts were prepared as previously described ([@B6]). Briefly, cells were treated with a buffer containing 50 mM Tris--HCl (pH 7.5), 100 mM NaCl, 0.5% Nonidet P-40 and 1× protease inhibitor (Roche), followed by rotation of the extracts for 30 min at 4°C. The extracts were clarified by low-speed centrifugation at 4°C, and analyzed by immunoblots using the indicated Abs. Where indicated, the extracts were treated with 10 μg/ml of RNase A for 15 min at 37°C. In some experiments, the extracts were subjected to GST selection using glutathione magnet beads (Pierce), and the proteins eluted with glutathione were then immunoblotted; or FLAG-tagged proteins were selected using M2 Sepharose, and the proteins eluted with 3× FLAG were then immunoblotted.

RNA binding assays {#SEC2-5}
------------------

### Gel shift assay {#SEC2-5-1}

A 140-bp dsRNA was prepared by annealing the sense and anti-sense transcripts of a 140-nt long NS1 sequence inserted into the pGEM1 vector ([@B10]). This dsRNA (50 ng) was mixed with the amount of a wild-type or mutant DHX30N protein indicated in Figure [4](#F4){ref-type="fig"} in a buffer containing 50 mM Tris--HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 40U RNase in a total volume of 20 μl. The mixture was incubated on ice for 1 h and then subjected to electrophoresis on an agarose (1%) gel at 4 °C. The gel was stained with 1:10 000 SYBR-gold and scanned with typhoon scanner to detect RNA.

Fluorescence polarization (FP) assay {#SEC2-6}
------------------------------------

A 16-nt single-strand (ss) RNA, FAM (fluorescein-labeled)- CCAUCCUCUACAGGCG (sense) was purchased from Dharmacon Inc. The FAM-labeled 16-bp dsRNA, the duplex of the sense and antisense FAM-labeled ssRNAs, were purchased from IDT. Fluorescence polarization (FP) was measured on a Tecan GENios-Pro plate reader with excitation at 485 nm and emission at 535 nm. FP values are reported in millipolarization units (mP). The reactions were carried out with 30 nM of 16-bp dsRNA or 16-nt sense ss-RNA with increasing concentrations of DHX30N in pH 6.0 nuclear magnetic resonance (NMR) Buffer (**below)**.

Purification of bacteria-expressed DHX30N and NS1-RBD for biochemical and NMR studies {#SEC2-7}
-------------------------------------------------------------------------------------

A DNA fragment encoding the NS1-RBD of Ud virus was cloned into the modified pSUMO vector (LifeSensors), as described previously ([@B15]), produced and purified as a N-terminal (6×His)-tagged SUMO fusion protein, and processed as outlined below to produce untagged NS1 RBD. The DNA fragment encoding DHX30N was generated by reverse transcriptase-polymerase chain reaction (RT-PCR) using human cDNA libraries, and cloned into bacterial expression vector NESG\_ pET21 ([@B15]), with a C-terminal hexa-His tag. After sequence verification, each plasmid was transformed into *Escherichia coli* strain BL21(DE3) cells containing the rare tRNA expression plasmid pMCK ([@B15]). The same expression and purification protocols were used for SUMO-tagged NS1 RBD and DHX30N. Cells were first grown in LB media at 37°C to an absorbance of 0.6 units at 600 nm, and then isopropyl-β-D-thiogalactoside (IPTG) was added to a final concentration of 1 mM to induce the expression of the protein during 18 h of incubation at 17°C. The bacteria were harvested by centrifugation and resuspended in lysis buffer \[50 mM Tris--HCl pH 7.5, 500 mM NaCl, 40 mM imidazole and 1 mM Tris-(2-carboxyethyl) phosphine\], followed by mild sonication. After high-speed centrifugation, the supernatant was applied to a 5 ml HisTrap™ affinity column (GE Healthcare), which was washed with the lysis buffer, and the protein was eluted using elution buffer containing 50 mM Tris--HCl pH 7.5, 500 mM NaCl, 300 mM imidazole and 1 mM Tris-(2 carboxyethyl) phosphine. Further purification was performed using size exclusion chromatography on a HighLoad 26/60 Superdex S75 column (GE Healthcare) equilibrated in a buffer \[50 mM Tris--HCl pH 8.0, 100 mM NaCl and 10 mM dithiothreitol (DTT)\]. Additional steps were performed in order to obtain native NS1 RBD. The cleavage of the fusion protein of NS1-RBD was carried out by adding an aliquot in steps of 1:50 to 1:100 of yeast SUMO protease Ulp1 containing an N-terminal 6×His tag, and the sample was then incubated at 25°C for 18--24 h. The degree of cleavage was monitored by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). To remove nucleic acid and SUMO, the mixture was applied to a 5 ml HiTrap™ heparin column (GE Healthcare) and the NS1A RBD was separated from nucleic acid and SUMO by gradient elution with 0 to 1.0 M NaCl. Each preparation of purified NS1A RBD and DHX30N was \>95% pure as determined by SDS-PAGE. Uniformly ^15^N enreiched NS1 RBD was produced using the same protocol, except that bacterial fermentation was done using MJ9 minimal medium ([@B17]) containing (^15^NH~4~)~2~SO~4~ as the sole nitrogen source. These samples were \>95% pure, based on SDS-PAGE and \> 98% ^15^N enriched based on MALDI-TOF mass spectrometry analysis.

Co-expression of DHX30N and NS1-RBD in *E. coli* {#SEC2-8}
------------------------------------------------

A DNA fragment encoding NS1-RBD was cloned into the bacterial expression vector pET Duet RSF vector (Novagene), with a TEV protease cleavable maltose-binding protein (StrepII-MBP) fused at the N terminus. For DHX30N, the DNA fragment encoding residues 1--152 was generated by RT-PCR using human cDNA libraries, and cloned into a modified bacterial expression pET21c vector, NESG-pET21, with a C-terminal hexa-His tag with sequence LEHHHHHH to facilitate purification. The two plasmids were then transformed into *E. coli* strain BL21(DE3) cells containing the rare tRNA expression plasmid pMGK. The cells were first grown in LB media at 37°C to an absorbance of 0.6 at 600 nm, and then isopropyl-β-D-thiogalactoside was added to a final concentration of 1.0 mM and incubated for 18 h at 17°C to induce protein expression. The bacteria were harvested by centrifugation and resuspended in lysis buffer \[50 mM Tris--HCl pH 7.5, 500 mM NaCl, 40 mM imidazole and 1 mM Tris-(2-carboxyethyl) phosphine)\], followed by mild sonication. After high-speed centrifugation, the supernatant was applied to a 5 ml His-tag affinity column (GE Healthcare), which was eluted with a buffer containing 50 mM Tris--HCl pH 7.5, 500 mM NaCl, 300 mM imidazole and 1 mM Tris-(2-carboxyethylphosphine). The complex was then analyzed by size exclusion chromatography using a HighLoad 26/60 Superdex S75 column (GE Healthcare) in a buffer containing 50 mM Tris--HCl pH 8.0, 100 mM NaCl and 10 mM DTT. The fractions containing the complex of NS1 RBD/RNA/DHX30N were identified by absorbance at 280 nm and SDS-PAGE.

DHX30N-NS1 RBD complex formation on Ni-NTA column {#SEC2-9}
-------------------------------------------------

A 33-bp dsRNA with 2 nt overhangs on both 5′ and 3′ ends was prepared by annealing the following single-stranded RNAs purchased from Dharmacon Inc: CGAGCUCGCCCGGGGAUCCUCUAGAGUC-GACCUGC (sense) CUGCAGGUCGACUCUAGAGGAUCCCCGGGCGAGCU (antisense). A total of 66 μl of 20 μM His-tagged DHX30N with or without 40 μM dsRNA were incubated with 25 μl of Ni-NTA agarose resin (Qiagen) on each of two spin columns, in a loading buffer containing 20 mM sodium phosphate (pH 6.6), 100 mM NaCl, 20 mM β-mercaptoethanol and 1% glycerol at room temperature for 20 min. Both columns were then centrifuged at room temperature, and flow-through was collected. Next, 55 μl of 50 μM NS1-RBD (with no His tag) was loaded onto each of the two Ni-NTA spin columns to which DHX30N-H~6~ was bound and incubated in the same loading buffer for 20 min at room temperature. After the centrifugation and flow-through collection, each column was then washed twice with loading buffer. The bound species was eluted from each column using imidazole elution buffer described above. Fractions of the flow-throughs, washes and elutions were analyzed by SDS-PAGE.

Modeling of DHX30N bound to dsRNA {#SEC2-10}
---------------------------------

Structural modeling of DHX30N was performed using the loop modeling software suite of Rosetta ver 3.3 ([@B18],[@B19]). Models were generated using either DHX9 RNA binding domain 1 (residues 1--86; PDB_ID 3VYY) or DHX9 RNA binding domain 2 (residues 169--263; PDB_ID: 3VYX) as modeling templates. The SWISS-MODEL web server ([@B20]) was used to create multiple sequence alignments of DHX30N, DHX9 RNA binding domains 1 and 2, together with other homologous proteins. These alignments were then used to generate two homology models of DHX30N, using as templates either the DHX9 domain 1 (PDB ID: 3VYY) or domain 2 (PDB ID: 3VYX) coordinates. Gaps in the alignments between DHX9 domains and DHX30N were modeled using the *de novo* loop-modeling protocols of Rosetta ([@B21]). All gaps were modeled over a minimum of five amino-acid residues; in addition, we also included two amino-acid residues on either side of each gap when defining the loop region to model. The prediction confidence was increased by creating ∼10 000 decoys for each DHX30N model, and clustering the 1000 lowest energy models in this ensemble, as described elsewhere ([@B19]). These clusters were ranked based on the number of conformers in each cluster, the 10 highest ranked clusters were identified and the medoid conformer, i.e. the conformer with lowest backbone r.m.s.d. to each of the other models of each cluster ([@B22]), was selected as the representative conformer for that cluster. Each of these ten conformers generated from each template was then superimposed on the coordinates of corresponding DHX9 RNA binding domain bound to dsRNA. Because the dsRNA sequence bound to DHX9 RNA binding domain 2 is half as long as the dsRNA bound to DHX9 RNA binding domain 1, the dsRNA in the models generated from DHX9 RNA-binding domain 2 was replaced with the dsRNA coordinates of the DHX9 RNA-binding domain 2 complex. This provided two models of DHX30N: dsRNA with identical dsRNA lengths; each model consisting of an ensemble of 10 conformers. Molecular graphics and analyses were performed using the UCSF Chimera package ([@B23]).

NMR Spectroscopy {#SEC2-11}
----------------

NMR spectra of NS1-RBD, NS1-RBD/DHX30N, NS1RBD/dsRNA and NS1-RBD/DHX30N/dsRNA were carried out using samples protein concentrations of ca. 0.15 mM in pH 6.0 NMR Buffer containing 50 mM NH~4~OAc (pH 6.0), 200 mM NaCl, 50 mM Arg/Glu, 0.02% NaN~3~, 10% v/v ^2^H~2~O, except where noted otherwise. Spectra were acquired using a Bruker AVANCE 800 spectrometer equipped with a 5-mm TXI cryoprobe, thermostated at 298 K and referenced to internal DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid). All NMR spectra were processed with *NMRPipe* software ([@B24]) and visualized using the program Sparky ([@B25]).

RESULTS {#SEC3}
=======

Cellular DHX30 RNA helicase inhibits influenza A virus replication by binding the viral NS1 protein {#SEC3-1}
---------------------------------------------------------------------------------------------------

Previous results identified the cellular DHX30 RNA helicase in purified complexes containing the NS1 protein and the cellular CPSF30 3′ end processing factor ([@B6]). To determine whether endogenous DHX30 is indeed a host restriction factor that inhibits influenza A virus infection, human HeLa cells were transfected with two different DHX30 siRNAs, both of which efficiently knocked down DHX30 or with a control siRNA (Figure [1A](#F1){ref-type="fig"}). The three sets of cells, plus cells transfected with a different control siRNA, were infected with Ud virus at low multiplicity of infection (moi, 0.001 plaque forming units (pfu)/ml)) (Figure [1B](#F1){ref-type="fig"}). Replication of Ud virus was enhanced 5-8-fold in DHX30 knockdown cells compared to cells transfected with the control siRNAs, demonstrating that DHX30 inhibits influenza A virus replication.

![Cellular DHX30 RNA helicase inhibits influenza A virus replication by binding the viral NS1 protein. (**A**) Efficient knockdown of endogenous DHX30 in HeLa cells using DHX30-1 or DHX30-2 siRNA. Cell extracts were immunoblotted with the DHX30 antibody (Ab). (**B**) HeLa cells were transfected with the indicated DHX30 or control siRNAs for 36 h. The cells were then infected with 0.001 pfu/cell of Ud virus, followed by incubation at 37°C in serum-free DMEM medium supplemented with 1.0 μg/ml N-acetylated trypsin. Virus production at the indicated times after infection was determined by plaque assays in MDCK cells. These results and standard deviations (bars) are from three independent experiments. The virus titer at each time point in these three experiments was determined in triplicate plaque assays. Statistical significance between the viral growth curves in DHX30 siRNA-treated and control siRNA-treated cells was determined using a standard *t*-test, yielding a highly significant *P* value of 0.0043. (**C**) 293T cells were transfected for 24 h with a plasmid expressing GST-DHX30 or GST. The cells were then infected with 2 pfu/cell of Ud virus, followed by incubation at 37°C in serum-free DMEM medium. Cells collected at 12 h after infection were extracted as described in 'Materials and Methods' section. The extracts with or without treatment with RNase A were GST-selected as described in 'Materials and Methods' section. Aliquots of the eluates were analyzed by immunoblots probed with the indicated Abs to detect DHX30, and the following viral proteins: NS1, HA (hemagglutinin), NP (nucleoprotein), M1 (matrix protein) and the three subunits of the viral polymerase (PB1, PB2 and PA).](gkz1094fig1){#F1}

To identify the viral proteins that bind DHX30, 293T cells were transfected for 24 h with a plasmid expressing GST-DHX30 and, as control, a plasmid expressing GST, followed by infection with 2 pfu/cell of Ud virus. At 12 h after infection, cell extracts with or without prior RNase A treatment were subjected to GST selection, followed by immunoblots to detect viral proteins. RNase A would be expected to digest single-stranded RNA regions under the conditions of this assay ([@B26]). As shown in Figure [1C](#F1){ref-type="fig"}, only the NS1 protein was specifically selected by GST-DHX30. RNase A treatment did not affect the interaction between NS1 and DHX30. This result indicates that DHX30 is associated with NS1--CPSF30 complexes at least in part via its interaction with the NS1 protein, and that DHX30 is not in the population of NS1-CPSF30 complexes that contain other viral proteins ([@B6]). The NS1 protein is undoubtedly associated with many different cellular proteins in various other NS1--CPSF30 complexes ([@B6]).

The DHX30 binding site on the NS1 protein requires amino-acid residues R38 and K41 that are also required for RNA binding {#SEC3-2}
-------------------------------------------------------------------------------------------------------------------------

The NS1 protein contains two major domains: N-terminal RNA-binding domain (RBD, amino-acid residues 1--73); and effector domain (ED, amino-acid residues 85-C-terminus), which are connected by a short polypeptide linker ([@B3],[@B4]) (Figure [2A](#F2){ref-type="fig"}). To determine which of these two NS1 domains bind DHX30, bacteria-expressed GST-RBD, GST-ED and GST-full-length (FL) NS1 proteins were affinity selected on glutathione magnetic beads. The beads containing these GST-tagged proteins, or the GST tag alone, were mixed with 293T cell extracts containing plasmid-expressed Flag-DHX30. The amount of DHX30 bound to the GST protein on the beads was assayed using an immunoblot probed with anti-Flag antibody. As shown in Figure [2A](#F2){ref-type="fig"}, DHX30 binds to FL NS1 and the RBD of the NS1 protein, but not to the ED of the NS1 protein.

![The DHX30 binding site on the NS1 protein is comprised of amino acid-residues R38 and K41 in the NS1 RBD. (**A**) (Top) Diagram of the regions of NS1 corresponding its RBD, ED and FL. The RBD and ED are linked by a short linker (shown in gray). The 215--237 disordered 'C-terminal tail' region was not included in the ED and FL plasmids because inclusion of this region greatly reduces the yield of soluble NS1 proteins. Bacteria-expressed GST or the indicated GST-tagged NS1 proteins were bound to glutathione magnetic beads, which were then incubated for 4 h with 293T cell extracts containing plasmid-expressed Flag-DHX30 that had been pretreated with RNase A. The proteins eluted from the beads using 20 mM glutathione were analyzed by immunoblots probed with Flag Ab and by Coomassie blue staining. (**B**) (top) Structure of the RBD showing the amino acid residues (R37/R37′, R38/R38′, K41/K41′, K70/K70′) that were replaced with alanines. The RBD structure was generated from Protein Data Bank (PBD ID: 1NS1) ([@B43]). (bottom) Bacteria extracts containing GST, GST-NS1 (1--73) or GST-NS1 (1--73) containing the indicated amino acid residue substitutions were bound to glutathione magnetic beads, which were then incubated with 293T cell extracts containing plasmid-expressed Flag-DHX30 that had been pretreated with RNase A. The eluted proteins were analyzed by immunoblots probed with Flag Ab and by Coomassie blue staining.](gkz1094fig2){#F2}

To determine which amino-acid residues in the NS1 RBD are required for binding DHX30, we first focused on amino-acid residues that participate in dsRNA-binding (Arg37, Arg38, Lys41) ([@B9],[@B10]) and, as a control, Lys70, a surface-exposed amino-acid residue in another region of the RBD (Figure [2B](#F2){ref-type="fig"}). Purified bacteria-expressed GST-RBDs in which each of these amino-acid residues was changed to alanine (A) were tested for binding Flag-DHX30. The RBD containing R37A bound substantially less DHX30 than wild-type (wt) RBD, and the RBDs containing either R38A or K41A bound only minimal amounts of DHX30, whereas the RBD containing the K70A substitution bound DHX30 almost as well as wt RBD. Consequently, the same amino-acid residues of the RBD, particularly R38 and K41, that are critical for dsRNA-binding are also critical for binding DHX30 in cell extracts.

RNA-binding activity of the N-terminal domain of DHX30 is necessary and sufficient for binding the NS1 protein and inhibiting virus replication {#SEC3-3}
-----------------------------------------------------------------------------------------------------------------------------------------------

DHX30 has been reported in multiple isoforms. We used isoform 3 (UniProt ID Q7L2E3-3) that contains 1155 amino-acid residues beginning with N-terminal residues Met-Ala-Ala-Ser-Arg. Surprisingly a small (152 amino-acid residue-long) N-terminal fragment of DHX30, denoted as DHX30N (Figure [3A](#F3){ref-type="fig"}), was sufficient to bind the NS1 protein (Figure [3B](#F3){ref-type="fig"}). In addition, transfection of cells with a plasmid expressing DHX30N was as effective as transfection of a plasmid expressing full-length DHX30 in inhibiting influenza A virus replication (Figure [3C](#F3){ref-type="fig"}), demonstrating that the N fragment of DHX30 possesses all the antiviral activity of DHX30. The DHX30N domain is homologous to several known dsRNA-binding domains (pdb_id 2DB2) ([@B27]). We validated the dsRNA-binding activity of DHX30N using FP (Figure [3D](#F3){ref-type="fig"}). DHX30N binds dsRNA with a *K*~d~ of ∼40 nM, and also binds single-stranded RNA with a lower affinity (*K*~d~ of ∼500 nM).

![N-terminal 152 amino-acid residue-long domain of DHX30 (DHX30N), which has dsRNA-binding activity, is necessary and sufficient for binding the NS1 protein and inhibiting virus replication. (**A**) Diagram of FL DHX30, and N and C DHX30 protein regions. (**B**) 293T cells were transfected with a pcDNA3 plasmid expressing Flag-tagged FL, DHX30N, or an empty (−) pcDNA3 plasmid, followed by 12 h of infection with 2 pfu/cell of Ud virus. Cell extracts were treated with RNase A, and FLAG-tagged proteins were selected using M2 Sepharose, as described in 'Materials and Methods' section, followed by immunoblotting with NS1 Ab. (**C**) HeLa cells were transfected with an empty (-) pcDNA3 plasmid, or a pcDNA3 plasmid expressing FL, N or C DHX30 protein. Cells were infected for 6 h with 2 pfu/cell of Ud virus. Cell extracts were then immunoblotted with the indicated Abs. (**D**) A FAM (fluorescein-labeled)-16-nt ssRNA and FAM-16-bp dsRNA were incubated with increasing amounts of DHX30, and milli-polarization units (mp) were determined as described in 'Materials and Methods' section.](gkz1094fig3){#F3}

To identify the amino-acid residues that most likely interact with dsRNA, homology modeling was used to model the complex formed between DHX30N and dsRNA. Although the NMR structure of DHX30N has been determined ([@B27]), simple docking of this structure with dsRNA suggested that some small conformational changes occur upon dsRNA binding. Because DHX30N is homologous with the two dsRNA-binding domains of the DHX9 RNA helicase (\> ∼30% sequence identity), and X-ray crystal structures of these two domains bound to dsRNA are available (PDB_ids 3VYX and 3VYY) ([@B28]), we used these X-ray structures to guide our modeling of DHX30N bound to dsRNA. In this modeling, as described in 'Materials and Methods' section, two models of the complex were generated; one based on DHX9 RNA-binding domain 1 bound to dsRNA (3VYY) and the other based on DHX9 RNA-binding domain 2 bound to dsRNA (3VYX). Figure [4A](#F4){ref-type="fig"} shows the model of the complex based on DHX9 RNA-binding domain 2 bound to dsRNA (3VYX).

![RNA-binding activity of DHX30N is necessary and sufficient for binding the NS1 protein and inhibiting virus replication. (**A**) Model of the DHX30N RNA-binding domain bound to dsRNA based on DHX9 RNA-binding domain 2 bound to dsRNA (3VYX). The structure of the complex shown corresponds to the single representative conformer of the top-ranked modeling cluster bound to dsRNA. The numbering of amino-acid residues starts with the Met-Ala-Ala-Ser-Arg N-terminal sequence of DHX30 isoform 3 ([@B44]). (**B**) Decreasing concentrations (36, 12, 4, 1.3 μM) of wt or the indicated mutant DHX30N protein were incubated with a 140-bp dsRNA for 1 h at 0°C, and the mixture was subjected to electrophoresis on a 1% agarose gel at 4°C. The gel was stained with SYBR-gold to identify RNA. (**C**) Bacteria-expressed GST or GST-tagged NS1-RBD was bound to glutathione magnetic beads, which were then incubated for 4 h with 293T cell extracts containing plasmid-expressed Flag-DHX30wt or Flag-DHX30 containing the indicated mutations in the N-terminal domain. These extracts had been treated with RNase A. Proteins eluted from the beads were analyzed by immunoblots probed with Flag Ab. (**D**) HeLa cells were transfected for 24 h with an empty (**E**) pcDNA3 plasmid, or a pcDNA3 plasmid expressing the indicated wt or mutant DHX30N protein. Cells were then infected for 6 h with 2 pfu/cell of Ud virus. Cell extracts were RNase A treated and then immunoblotted with the indicated Abs.](gkz1094fig4){#F4}

This modeling study predicts, for both models, that basic sidechains of amino-acid residues Arg24 and Lys66 of the DHX30N RNA-binding domain interact with the dsRNA backbone. The sidechain of residue Lys67 is also close to the dsRNA backbone. In contrast, the Lys34 sidechain is not near the dsRNA backbone. Residue Lys32 is near the dsRNA backbone in the model generated using DHX9 RNA-binding domain 1, but not in the model using DHX9 RNA-binding domain 2 as the template shown in Figure [4A](#F4){ref-type="fig"}. Consequently, this modeling predicts that alanine substitution of Arg24, or of both Lys66 and Lys67 would strongly inhibit dsRNA binding, whereas alanine substitution of both Lys32 and Lys34 would have less effect on dsRNA binding. To test these predictions and to validate our model, we measured the binding of DHX30N proteins containing such alanine substitutions to a 140-base dsRNA using gel shift assays (Figure [4B](#F4){ref-type="fig"}). The R24A and K66A/K67A DHX30N mutant RNA-binding domains lost almost all dsRNA binding activities, as predicted by both models. Also, the K32A/K34A DHX30N mutant domain has less dsRNA-binding activity than the wt protein, as shown by the gel shift results at the two highest levels of the wt and K32A/K34A mutant proteins. These mutation results validate our models of the DHX30N/dsRNA complex.

Unlike the wt DHX30N protein, the R24A and K66A/K67A mutant DHX30N proteins that lack almost all dsRNA-binding activity did not bind the NS1 RBD in *in vivo* transfection experiments, as assayed in co-immunoprecipitation assays (Figure [4C](#F4){ref-type="fig"}), demonstrating that the dsRNA-binding activity of the DHX30N domain is required for DHX30N to bind the NS1 protein *in vivo*. In contrast, the K32A/K34A mutant DHX30N protein that has a considerably smaller reduction in dsRNA-binding activity still bound NS1RBD *in vivo*.

We next determined whether these mutant DHX30N proteins could inhibit virus replication by binding and sequestering the NS1 protein away from full-length DHX30 in virus-infected cells. We transfected an empty (E) plasmid, or plasmids expressing either wt or mutant DHX30N proteins into HeLa cells for 24 h, followed by infection for 6 h with 2 pfu/cell with Ud virus. Virus replication was assayed by measuring the levels of viral proteins (Figure [4D](#F4){ref-type="fig"}). Plasmid-driven overexpression of wt DHX30N protein strongly inhibited virus replication, whereas overexpression of the K66A/K67A mutant DHX30N protein lacking dsRNA binding activity had no detectable effect on virus replication, indicating that the dsRNA-binding activity of DHX30N is required for access of DHX30N to the NS1 protein in virus-infected cells. Interestingly, overexpression of the K32A/K34A mutant DHX30N protein that has a smaller reduction in dsRNA-binding activity only partially inhibited virus replication, indicating that only a DHX30N protein with full wt dsRNA-binding activity can optimally compete with wt full-length DHX30 protein for the NS1 protein in virus-infected cells. These results indicate that the dsRNA-binding activity of DHX30 is needed for its optimal binding to the NS1 protein that results in the inhibition of influenza virus replication.

Interaction of bacteria-expressed NS1 RBD and DHX30N proteins *in vitro* requires the addition of dsRNA of sufficient length to bind both proteins {#SEC3-4}
--------------------------------------------------------------------------------------------------------------------------------------------------

We used bacteria-expressed proteins to determine why the interaction of the NS1 RBD with DHX30N requires the dsRNA-binding activity of both proteins. First, we determined whether NS1 RBD and DHX30N also formed a complex when co-expressed in bacteria. In these co-expression studies, NS1-RBD contained a N-terminal maltose-binding protein (MBP) with a Strep-II purification tag (designated as MBP-NS1 RBD), and DHX30N contained a C-terminal hexa-His (His~6~) tag. To determine whether a complex of these two proteins was formed when the proteins are co-expressed, the bacteria extract was subjected to Ni-NTA affinity chromatography to purify His~6~-DHX30N (Figure [5A](#F5){ref-type="fig"}). MBP-NS1 RBD was co-purified (lane 4), demonstrating that a complex containing both NS1-RBD and DHX30N was formed. Gel filtration chromatography of the Ni-NTA-selected His~6~-DHX30N further verified that this complex was formed: SDS-PAGE of the chromatography fractions identified this complex as well as the presence of an excess of DHX30N (Figure [5B](#F5){ref-type="fig"}). Fractions containing the DHX30N/NS1 RBD complex had A~260~/A~280~ ratios of 1.8 ± 0.2 absorbance units, indicating the presence of bound nucleic acid, while fractions containing excess DHX30N had A~260~/A~280~ ratios of 0.75 ± 0.05 absorbance units, values indicating a nucleic acid-free protein. These absorbance measurements are consistent with the presence of nucleic acid in the DHX30N/NS1 RBD complex.

![Formation of the DHX30N/NS1 RBD complex is dsRNA-dependent. (**A**) StrepII-MBP-NS1 RBD and His~6~-DHX30N (denoted as H~6~-DHX30N or more simply as DHX30N) were co-expressed in *Escherichia coli* Bl21(DE3) cells, and cell extracts were analyzed by SDS-PAGE. Lane 1. total cell extract. Lane 2 soluble cell extract. Lane 3. proteins purified from the soluble cell extract by Ni-NTA affinity selection. (**B**) Gel filtration chromatography of the proteins purified by Ni-NTA affinity selection. The inset shows the SDS-PAGE gel analysis of fractions from the gel filtration. Lane 1. molecular weight standards. Lane 2. Ni-NTA purified proteins applied to the column. Lanes 3 through 6. fractions from gel filtration with elution volumes of 45--55 ml. Lanes 7 through 9. fractions from gel filtration with elution volumes of 70--80 ml. (**C**). Purified His~6~-DHX30N was incubated with an excess of purified non-tagged NS1-RBD in the absence (left) or presence (right) of 33-bp dsRNA, and the mixture was applied to a Ni-NTA affinity column. SDS-PAGE analysis of proteins in: F1 and F2, two flow through fractions; E, imidazole eluate; W1 and W2, two wash fractions following imidazole elution.](gkz1094fig5){#F5}

To determine whether the interaction between NS1 RBD and DHX30N is indeed mediated by dsRNA, His~6~-DHX30N was loaded onto a Ni-NTA column in the presence or absence of a 33-bp dsRNA. Untagged NS1 RBD was then loaded onto each of the columns, which were washed to remove non-binding NS1 RBD. Bound proteins were eluted with imidazole and analyzed by SDS-PAGE (Figure [5C](#F5){ref-type="fig"}). Substantial amounts of NS1-RBD bound to the DHX30N:dsRNA complex (right), whereas little or no NS1 RBD was observed in the absence of dsRNA (left), demonstrating that DHX30N efficiently interacts with NS1 RBD in the presence of dsRNA, but not in its absence, and that both NS1 RBD and DHX30 interact with the same dsRNA molecule.

To establish if there are protein-protein interactions between NS1 RBD and DHX30 in this complex, we used heteronuclear 2D NMR (nuclear magnetic resonance) spectroscopy of ^15^N-enriched NS1 RBD (^15^N-NS1 RBD) to probe for dsRNA-dependent interaction of NS1 RBD with DHX30N. ^1^H-detected ^15^N NMR allows observation of only the ^15^N-enriched NS1 RBD in these samples. As shown in Figure [6A](#F6){ref-type="fig"}, the ^15^N-heteronuclear transverse relaxation optimized spectroscopy (TROSY) single quantum coherence (\[^15^N-^1^H\]-TROSY-HSQC) fingerprint spectra of ^15^N-NS1B RBD were identical in the presence (green) or absence (black) of unenriched DHX30N, demonstrating that little or no interaction between these proteins occurred in the absence of dsRNA. In contrast, as shown in Figure [6B](#F6){ref-type="fig"}, the \[^15^N-^1^H\]-TROSY-HSQC spectra of ^15^N-NS1 RBD in the presence of an equimolar concentration of unlabeled 33-bp dsRNA (red) showed extensive amide ^15^N and ^1^H^N^ chemical shift changes compared to the spectra in the absence of dsRNA (black). These changes result from NS1-RBD binding to the dsRNA. When unenriched DHX30N was then added to the complex of ^15^N-NS1 RBD bound to dsRNA (spectrum plotted in red in Figure [6C](#F6){ref-type="fig"}) to form the multi-protein complex (spectrum plotted in blue in Figure [6C](#F6){ref-type="fig"}), several resonances of ^15^N-NS1 RBD broadened and/or shifted to new frequencies (red arrows), and several new peaks appeared (blue arrows). These new peaks do not correspond to resonances of unbound ^15^N-NS1 RBD shown in Figure [6A](#F6){ref-type="fig"} (black), demonstrating that these new resonances are not due to the displacement of ^15^N-NS1 RBD from dsRNA by unenriched DHX30N. Hence, we conclude that these NMR results show direct interactions between NS1 RBD and DHX30N domains in the NS1 RBD/dsRNA/DHX30 complex.

![\[^15^N-^1^H\]-TROSY-HSQC fingerprint analysis of ^15^N-enriched non-tagged NS1 RBD (^15^N-NS1-RBD) demonstrates that the protein-protein interaction between DHX30N and NS1-RBD requires dsRNA. (**A**) Expanded region of the \[^15^N-^1^H\]-HSQC spectrum of ^15^N-NS1 RBD with (plotted in green) and without (plotted in black) unlabeled DHX30N. (**B**) Addition of unlabeled 33-nt dsRNA to ^15^N-NS1-RBD (spectrum plotted in black) results in extensive chemical shift perturbations due to complex formation (spectrum plotted in red). (**C**) Addition of unlabeled DHX30 to the ^15^N-NS1-RBD/dsRNA complex (spectrum plotted in red) results in additional chemical shift changes for ^15^N-NS1-RBD due new interactions of NS1-RBD, attributed to its binding to DHX30 in the complex. This same NMR study was carried out two times with independent samples. Resonances of the ^15^N-NS1-RBD/dsRNA complex which reproducibly disappear or broaden due to the addition of DHX30N are indicated with red arrows, and resonance which appear upon DHX30N binding are indicated with blue arrows. In each spectrum, the predominant species are illustrated schematically in the lower right in the color used to plot the corresponding spectrum; viz NS1-RBD (rectangle shape) DHX30N (oval shape), and dsRNA (double-stranded helix schematic). All NMR measurements were made using pH 6.0 NMR Buffer, defined in 'Materials and Methods' section.](gkz1094fig6){#F6}

DISCUSSION {#SEC4}
==========

Previous studies have demonstrated that the binding of several different proteins to the influenza A virus NS1 protein requires the same two amino-acid residues, Arg38 and Lys41, in the NS1 RBD that are also required for dsRNA binding ([@B6]). These observations suggested that binding of the NS1 RBD to dsRNA may be essential for the interaction of the NS1 protein with these proteins. Here we establish why NS1 dsRNA-binding is required for the interaction between NS1 and one host restriction factor, the DHX30 RNA helicase. First, we show that the dsRNA-binding activity of not only the NS1 protein but also the DHX30 helicase are required for their interaction *in vivo*. *In vitro* reconstitution experiments using bacteria-expressed proteins established that the protein-protein interaction of the DHX30N domain with NS1 RBD requires the presence of a 33-bp dsRNA that binds both proteins. The two proteins do not interact in the absence of this dsRNA. These results establish that a dsRNA platform that binds both NS1 and DHX30 is required for the interaction between these two proteins.

We propose that a similar RNA platform functions in the interactions of the NS1 protein with other proteins whose binding requires Arg38 and Lys41 of NS1. These other proteins include not only cellular proteins, for example, DDX21 RNA helicase ([@B6]) and TRIM25 E3 ligase ([@B7],[@B12]), but also the viral nucleoprotein (NP) ([@B8]). TRIM25 binding to RNA has been shown to be required for many of its activities ([@B29]), suggesting that the interaction of TRIM25 with the NS1 protein requires that both proteins bind to dsRNA. To establish how dsRNA facilitates the interaction of the NS1 protein with these viral and cellular proteins, future structural studies are needed to reveal the detailed molecular interactions between the three components in a complex containing the NS1 protein, a specific targeted protein and dsRNA. Although an X-ray crystal structure of a complex formed *in vitro* between fragments of only the NS1 and TRIM25 proteins has been reported ([@B30]), this study does not exclude the enhancement by dsRNA of the formation of a functional complex between the corresponding full-length proteins, as is the case in virus-infected cells ([@B7],[@B12]).

A dsRNA platform would be expected to increase the repertoire of proteins that interact with the NS1 protein in virus-infected cells because this platform would likely enable the NS1 protein to interact with proteins that lack sufficient affinity for effective NS1 protein binding in the absence of dsRNA. In addition, such a requirement for the dsRNA-binding activity of the NS1 protein would be one reason why amino-acid residues Arg38 and Lys41 of the NS1 protein that mediate dsRNA-binding are required for influenza virus replication ([@B3],[@B31]). Other functions of the NS1 RNA-binding activity in virus-infected cells also contribute to the requirement of this activity for virus replication, including inhibition of the 2′-5′ oligo (A) synthetase/RNase L pathway ([@B3],[@B31]).

While the NS1 protein binds to specific double-stranded RNA regions of several cellular RNAs ([@B33],[@B34]), its binding to dsRNA *per se* is non-specific. It binds to any dsRNA sequence, no matter its sequence or source, e.g. influenza virus-infected mammalian cells, uninfected mammalian cells, bacteria ([@B3],[@B4],[@B9],[@B10],[@B11]; present study). The results reported here indicate that this is also likely the case for the N-terminal RNA-binding domain of DHX30. In influenza A virus-infected cells double-stranded viral RNAs generated during viral RNA synthesis would most likely provide the major dsRNA platforms for the interaction between the NS1 protein and DHX30. In our co-expression experiments, the RNA is provided by the bacterial expression host. In our *in vitro* reconstitution experiment we provided a short synthetic dsRNA of 33-bps as an RNA platform, thereby ensuring that the two proteins, DHX30 and NS1 RBD, are situated on the dsRNA adjacent to each other. Consequently, short double-stranded viral RNAs in infected cells would be suitable platforms for establishing protein-protein interactions between DHX30 and the NS1 protein. Longer double-stranded viral RNAs in infected cells should also be suitable platforms because the NS1 protein oligomerizes along dsRNAs ([@B35]) and hence should access DHX30 even if DHX30 does not oligomerize in the same fashion. We established that the DHX30 and NS1 proteins that are on the same dsRNA molecule also acquire protein--protein interactions, as determined by NMR spectroscopy analysis. More extensive structural studies will be carried out in the future to reveal the detailed molecular interactions between the three components (DHX30N, NS1 RBD and dsRNA) in this complex.

We found that treatment of human cell extracts with RNase A prior to binding assays did not eliminate the interaction of DHX30 with the NS1 protein. In fact, as shown in Figure [1](#F1){ref-type="fig"}, RNase A treatment did not reduce this interaction. These results are not surprising considering that RNase A preferentially cleaves single-stranded RNA regions under the conditions that we employed ([@B26]), so that double-stranded RNA regions of various sizes would remain largely undigested. Instead of treating human cell extracts with several different nucleases under various conditions in an attempt to achieve complete digestion of RNA, we opted to carry out *in vitro* reconstitution assays using bacteria-expressed, purified DHX30N and NS1 RBD proteins, with and without a well-defined synthetic dsRNA molecule, to establish that an RNA platform is required for this DHX30--NS1 interaction.

DHX30 enhances the viral mRNA degradation activity of the ZAP protein that is mediated by its N-terminal zinc-finger domain ([@B14]). ZAP-mediated viral mRNA degradation activity inhibits the replication of several viruses, including influenza A virus ([@B38]). The binding of DHX30 by the NS1 protein shown in the present study would be expected to partially inhibit the influenza viral mRNA degradation activity catalyzed by ZAP. This binding should not affect the other ZAP activity that is specific for influenza A virus, the degradation of the viral PB2 and PA polymerase subunits mediated by the ZAP C-terminal PARP domain ([@B41]). Consequently, only a modest increase in virus replication would be expected by the binding of DHX30 by the NS1 protein. The observed modest increase (∼5- to 8-fold) in virus replication resulting from DHX30 knockdown (Figure [1B](#F1){ref-type="fig"}) is consistent with this expectation.

Further studies are needed to determine whether an RNA platform that facilitates protein-protein interactions, as is the case for the DHX30--NS1 protein interaction described here, is a widespread mode of protein--protein interactions not only for the interactions of the NS1 protein with viral and cellular proteins but also for other protein--protein interactions. In fact, recent findings suggest that this mode of protein may be widespread: TRIM25 binding to RNA has been shown to be required for many of its activities ([@B29]) and the binding of the Riplet E3 ligase with RIG-I takes place on a dsRNA platform ([@B42]).
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